ABSTRACT. Various factors are required for the regulation of muscle cell differentiation. In an attempt to elucidate the mechanismunderlying myogenesis, we examined the possible contribution of mitochondria to terminal differentiation of murine myoblast cell line, C2C12, using a specific inhibitor for mitochondrial protein synthesis, tetracycline. Tetracycline impaired myotube formation and induction of muscle creatine kinase activity which was specifically observed in differentiated myocytes. Transcript levels of muscle-specific proteins, creatine kinase and troponin-I were also significantly suppressed in a dose-dependent manner. However, those proteins with myogenic regulatory factors, MyoDand myogenin, and commonproteins including glycolytic enzymes were not affected. Cellular viability, mitochondrial transcription, and mitochondrial proliferation were confirmed not to be impaired by tetracycline treatment. These results suggest that mitochondrial stress may affect regulation of differentiation-specific gene expression. This system maycontribute to an understanding of mechanisms for differentiation inhibition caused by inhibitors of mitochondrial protein synthesis that have also been observed in other kinds of cells.
mononucleated myoblasts fuse together to form multinucleated myotubes. This event is accomplished by the subsequent activation of the genes expressed specifically in the myotubes. The activation of the gene is caused by myogenic regulatory factors including MyoD (1) and myogenin (2, 3) which belong to the basic helix-loop-helix protein family (4) and bind to a preferred DNAmotif with the consensus sequence, knownas the E-box (5). Such transcriptional regulation is one of the major systems for the regulation of differentiation. Although mitochondriaare semi-autonomous organelles that mediate energy metabolism, mitochondria also participate in the biosynthesis of many metabolites in living cells.
Possible participation of mitochondria in terminal differentiation of myocytes has been discussed to date (6) (7) (8) (9) . For example, when functional mitochondria were eliminated by treatment with low concentration ethidium bromide, an inhibitor of mitochondrial DNAreplication and transcription, myoblasts lost the ability to differentiate into myotubes while proliferation of myoblasts was maintained (7, 9) . Another experiment using a specific inhibitor for mitochondrial RNAsynthesis, rifampicin, showed reversible inhibition of myotube formation (10).
Mitochondrial protein synthesis inhibitors have previ-
ously been applied to cell lines other than muscle cell.
Differentiation of mouse erythroleukemia (MEL) cells is induced by the addition of dimethyl sulfoxide, and is inhibited in the presence of either chloramphenicol or tetracycline, which are mitochondrial inhibitors. MEL cells treated with those reagents did not accumulate hemoglobin, which is a differentiation marker for MEL cells into erythroid-like cells (12). Laeng et al. demonstrated that prior treatment of murine mastocytoma cell culture with chloramphenicol restrained the formation of metachromatic granules that are normally observed in differentiated cells (8) . In spite of these reports, we know little about how mitochondrial function is involved in cell differentiation. In an effort to elucidate the particular roles of mitochondria in cell differentiation, weexamined the effects of mitochondrial protein synthesis inhibitor on the process of terminal differentiation of C2C12 myoblasts. We measured cellular mitochondrial proliferation, mitochondrial mRNA level, and intracellular ATP concentration to check constitutive damagecaused by the inhibitor, and evaluated cellular viability under the low concentration of tetracycline (10 ftg/ml). Wethen tested time-dependent mRNA accumulation of musclespecific genes, muscle creatine kinase (MCK)and tropo-nin-I (Tn-I) after differentiation induction, and compared these results to the effect in expression of the myogenic regulatory genes, MyoDand myogenin. They suggested that the inhibition of translation in mitochondria impaired myoblast differentiation into myotubes, and that the expression of someof the muscle-specific genes was down-regulated under the influence of the mitochondrial inhibitor.
MATERIALS AND METHODS
Cell Culture. A mouse myoblast cell line, C2C12, was grown in Dulbecco's Modified Eagle Medium (DMEM)(Nissui, Tokyo, Japan) supplemented with 10% fetal calf serum (Gibco/BRL, Gaithersburg, MD, U.S.A.), 100 units/ml penicillin, and 100 //g/ml streptomycin. Cells were inoculated with an initial concentration of 3 x 104 cells/ml, grown on plastic dishes coated with 1%gelatin, and maintained under a humidified atmosphere of 95% air and 5%CO2 at 37°C. After 36 h of growth, the medium was changed to Cosmedium001 (Cosmo Bio, Tokyo, Japan) containing no serum to induce myogenicdifferentiation (13). The mediumwasreplaced every day. Cultures treated with tetracycline were grownin the final concentration indicated until harvesting. Muscle Creatine Kinase (MCK)Assay. MCKactivity was measured spectrophotometrically by following the reduction of NADP+. Cells were washed twice with cold calcium-magnesium free phosphate buffered saline (PBS(-)), and homogenized in 0.5 ml of cell lysis buffer (1 M NaCl, 1 mMEGTA, \% Triton X-100, 10mMTris-HCl, pH 7.2). The lysate was centrifuged for 10 min at 15,000 x g and the supernatant was applied to the assay. Enzymatic reactions coupled with hexokinase and glucose-6-phosphate dehydrogenase led to the reduction of NADP+, and was monitored at 340 nm. Assay ofATP concentration. Intracellular ATP concentration was measured by firefly luciferase using a liquid scintillation spectrometer (14, 15) . One ml of cell suspension was extracted with 0.2ml of cold 10% perchloric acid, and 1 ml of the extract was neutralized with 0.05 ml of 3 M K2CO3.The 100-fold diluted neutralized extract was mixed with 0.05 ml of firefly lantern extract (Sigma, St. Louis, U.S.A.) under the presence of arsenate and Mg2+,and the break down of ATPwas monitored by counting luminescence every 0.2 min for 2 min. DNAquantitation. Total DNAwas isolated as described by Sambrook et al. (16) , and quantified using bisbenzimidazole (Hoechst 33258), which specifically binds to DNAand causes a fluorescence enhancement(17). The reaction mixture containing Hoechst 33258 to a final concentration of 1 /*g/ml was excited at 350 nmand the fluorescence was measured at 460 nm. Salmonsperm DNA was used as a standard. Probe preparation. All DNAprobes used in this study were labeled by Megaprime DNAlabelling system (Amersham were separated by 1%agarose gel electrophoresis, transferred to Hybond-N+, a positively charged nylon membrane (Amersham International), and hybridized with the clonal genomic and mitochondrial DNAprobes described above. Hybridization was performed overnight at 65°C in hybridization buffer (5 xDenhardt's solution, 6x SSC, 0.5% SDS). Membranes were washed in 2xSSC (0.3 M NaCl and 0.03 M sodium citrate), 0.1% SDS for 10 min at room temperature, in 1 x SSC, 0.1% SDS for 15min, andtwicein0.1 XSSC, 0.1% SDS for 10 min at 65°C. Filters were exposed to an imaging plate of BAS2000 (Fuji Film, Tokyo, Japan) to detect radioactivity. Northern Analysis. Total RNAwas isolated by acid guanidinium thiocyanate-phenol-chloroform extraction (21). Ten fig of glyoxalated RNAswere electrophoresed on 0.9% agarose gel, transferred to Hybond-N+, and hybridized with probes described in probe preparation. Hybridization was carried out for 24hr at 42°C (55°C for MyoDand MCK)in hybridization buffer (40% formamide (50% for MyoD and MCK), 6xSSC, 5 xDenhardt's solution, 0.5% SDS). Membranes werewashed in2xSSC, 0.1% SDS for 30min at 65°C (20min at 55°C for MyoD; 20min at 58°C for MCK), and twice in 0.2xSSC, 0.1% SDS for 30min at 65°C (40min at 55°C for MyoD; 40min at 58°C for MCK). Northern blots were exposed to an imaging plate of BAS2000system and their radioactivity was quantified. Membranes were stripped by boiling in 0.1% SDS for 5 min, subsequently allowed to cool, and reprobed. Analysis of mitochondrial translation products. Culture mediumwas replaced by methionine-cysteine-free medium containing 50^g/ml of emetine at 2.5 h prior to sample harvest. After 30 min of incubation, 50 ptCi of [35S]-methioninecysteine mix (1, 175 Ci/mmol, Amersham International) was added and cells were further incubated for 2 h. Then, the cell culture was washed twice with 1 ml of separation buffer (0.2 M sucrose, 0.13 MNaCl, and 1 mMTris-HCl, pH7.4), suspended in 1 ml of the buffer per 9 cm culture dish, homogenized with tissue grinder (Wheaton, Millville, NJ, U.S.A.), and centrifuged to separate mitochondria as described (22). The translation products were electrophoresed with exponential gradient acrylamide gel as described by Tanaka et al. (23) and Douglas et al. (24) .
RESULTS
Tetracycline, an inhibitor of mitochondrial protein synthesis, affects myotubeformation ofC2C12. Previous studies have suggested that mitochondrial function is involved in the regulation of cell growth and differentiation (6, 7, 12, 25, 26) . To better clarify the participation of mitochondria on differentiating cells, we employed an inhibitor of mitochondrial protein synthesis, tetracycline, in C2C12 myoblast cell culture. The differentiation of myoblasts occurred in a series of well-timed events after induction of differentiation. The terminal differentiation of C2C12 myoblasts was induced by replacement to a serum-free medium, Cosmedium 001 (13) (Fig. 1A) . During the first 24 h of the differentiation induction, myoblasts divided and began to align into small clusters (Fig. IB) . Myoblast fusion began about 36 h after induction of differentiation and was completed by 48 h. During the next 24h of culture, many myoblasts fused together to form long multinucleated myotubes (Fig. 1C) . After 72 h of induction, many myotubes grew into more mature myotubes (Fig. ID) . When tetracycline (10 /ig/ml) was continuously added to cultivation mediumto inhibit mitochondrial protein synthesis after induction of differentiation, the myotube formation was significantly impaired (Fig. 1E-G ).
Moderate impairment of myotube formation was observed even if tetracycline was added 24 h after induction of differentiation induction (data not shown). Furthermore, this inhibitory effect was reversible, since impaired myoblasts were able to fuse together whentetracycline was withdrawnfrom the differentiation medium within 48 h after induction, and since morphologically similar myotubes were formed (data not shown).
Since MCK is crucial to the energy metabolism, particularly in tissues with high energy requirements (27), and is specifically induced in differentiated myocytes (ll) , an induction profile of MCKin C2C12 myoblasts which were induced for terminal differentiation in the presence of tetracycline was made, in addition to that for myotube formation. Wemeasured total MCK ac- (Fig. 2) . However, incubation with tetracycline concentrations above 100 fig/ml caused a decline in cell viability. The inhibition of induction was not immediately detected when the inhibitor was added after 24 h of differentiation induction, and therefore several hours seems to be required to produce a response to the addition or removal of inhibitor. The inhibitory extent of the enzyme induction was similar to its extent of myotube formation. These results indicate that the inhibitor of mitochondrial protein synthesis suppresses myotube differentiation morphologically and biochemically. Intracellular A TP level was maintained when myoblasts were exposed to tetracycline. To confirm that viability of C2C12 myoblasts is maintained fairly well during exposure to tetracycline is very important for this study, because inhibition of mitochondrial protein synthesis could damagemitochondrial functions such as energy metabolism. Although mitochondrial proteins encoded by their own DNAare only 13 polypeptides, each of these polypeptides is an essential component of respiration located within the mitochondrial inner membrane (28). There is the possibility that the energy metabolism was impaired by the inhibition of mitochondrial protein synthesis and the decline of MCKactivity, and therefore it prevents myocytes from inducing extravagant cellular events such as terminal differentiation. The decrease in mitochondrial function might thus be expected to reduce the cellular ATPcontent. To examine mitochondrial function of myocytes, we measured intracellular ATPlevels by means of the luciferin-luciferase chemiluminescence assay (Fig. 3) . Amount of cellular ATPwas normalized with the amount of total cellular DNA.The cellular ATPlevel in C2C12 myoblasts was maintained at almost the same level throughout myotube differentiation.
No decrease in cellular ATPlevel was seen whenmyoblasts were treated with tetracycline. It is possible that myoblasts exposed to the inhibitor satisfy energy requirements mainly by glycolysis and that damageto oxidative phosphorylation causes an increase in glycolysis to compensate energy requirements, with concomitant accumulation of lactate in myocytes. Accordingly, the accumulation of lactate was measured (Fig. 4) . Cellular lactate contents increased only moderately, so it can be assumed that the production of metabolic acid was not such as to cause intracellular acidosis (29). Therefore, cell-toxicity of tetracycline (10 fig/ml) was not so critical as to damage cells to the point of differentiation deficiency. Moreover, lipophilic cations such as rhodamine 123 and cyanine dyes accumulate in the mitochondrial matrix under the influence of mitochondrial membranepotential (30). These dyes have thus been used to probe mitochondrial membrane potential in living cells. Mitochondria were visualized by selective uptake of rhodamine 123 with fluorescence microscope. Weobserved that mitochondria in the myoblast appeared to be manifest at the periphery of the nucleus, and that their appearance and intensity of fluorescence showed little, if any, difference between treatments with or without tetracycline (data not shown). Thus, the inhibition of tetracycline on the differentiation of myoblasts into myotubes cannot be ascribed to the reduction of the mitochondrial energy metabolism. Mitochondria proliferate during tetracycline exposure. The content of mitochondrial DNA(mtDNA) compared to nuclear DNAin differentiating C2C12 was examined since mitochondrial proliferation would seem to be a critical event for differentiation of certain kinds of cells (8). To quantify the contents of mtDNAand nuclear DNA, we conducted Southern analysis using two kinds of probes derived from a mitochondrial cytochrome c oxidase (COX) subunit I and an F-type subfamily of a long interspersed repetitive element (LINE), which constituted roughly 10% of the mammalian genome, as described previously (31). Both signals were simultaneously quantified after hybridization and the content of COXwas normalized with that of LINE (Fig. 5) . The ratio of mtDNA to nuclear DNAincreased time-dependently after differentiation induction, and the level of mtDNA in cells treated with tetracycline was only slightly enhanced. This suggests that the increase in mtDNAlevel exceeds the increase in nuclear DNAin accordance with the proliferation of cells, and that mtDNA accumulates in differentiating C2C12 myocytes.
Additionally, the level of mitochondrial COX I mRNA was measured by Northern blot analysis during differentiation. As shownin Fig. 6 , there was no significant change in the level of COXI mRNA. This result suggests that the level of mitochondrial COXI mRNA remains fairly constant during myoblast differentiation into myotubes in spite of the increase of mtDNA. To ensure mitochondrial protein synthesis was inhibited by the tetracycline treatment, we separated mitochondria and compared the electrophoretic patterns of their newly synthesized translation products. Peptide bands of treated cells were barely detected, indicating that almost the entire mitochondrial protein synthesis was inhibited in tetracycline-exposed cell culture (data not shown). The quantitation of these bands indicated that over 90% of protein synthesis in mitochondria was inhibited by exposure to tetracycline (10 fig/ml). These results indicated that mtDNAreplication, mitochondrial transcription and mitochondrial proliferation were not interfered with in differentiating myocytes, although de novo protein synthesis in mitochondria was largely inhibited and myotube differentiation was severely impaired.
Expression of myogenesis-specific genes. To determine the exact stage that myotube differentiation is interfered with, we performed Northern analysis using CDNAprobes of the myogenesis-specific genes, MCK, Tn-I, MyoD, and myogenin. During differentiation, transcripts of myogenic regulatory factors such as MyoDand myogenin begin to accumulate at an early stage of differentiation induction, and their translation products promote the transcription of the musclespecific genes such as MCKand Tn-I. In tetracyclinetreated cells, both transcripts of MCKand Tn-I were obviously reduced (Fig. 7A, B) , and the effect of tetracycline showed a clear dose-dependent suppression (Fig.  7C ). Comparing the dose-dependent inhibition of MCK activity ( Fig. 2B ) with its mRNAlevel (Fig. 7C) , a similar sensitivity to the reagent concentration was observed. In contrast, the levels of MyoDand myogenin mRNA were not significantly suppressed in contrast to the cases of MCKand Tn-I during the critical period of induction of their mRNAexpression (Fig. 8) . The cells exposed with tetracycline were inhibited to form myotubes, and the expression of muscle-specific molecules, at least for some of them, was inhibited at the transcriptional level in contradiction to the above-mentioned observation that mRNAs of myogenic regulatory factors existed at almost the same level as the control. Furthermore, the mRNA levels of house-keeping proteins such as glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase and /3-enolase were not affected by the treatment with tetracycline (data not shown).
DISCUSSION
In this study, we demonstrated that myotube formation of C2C12 myoblasts was considerably blocked by exposure to mitochondrial protein synthesis inhibitor, tetracycline. Since muscle differentiation is largely a consequence of muscle-specific gene expression, weexamined the effects of this drug on the expression of several genes to elucidate the complicated molecular events underlying inhibition of myoblast differentiation. Besides the inhibition of myotube formation, accumulation of transcript in some of muscle-specific genes was suppressed, while most of the common genes were not affected by tetracycline treatment. There is a noteworthy report 0  10  20  30  40  50°10  20  30  40  50 Tetracycline (|ug/ml) that respiration-deficient cells are able to proliferate in specific culture conditions involving the presence of uridine or pyruvate (32). However, C2C12 myoblasts treated with tetracycline were unresponsive to auxotrophy for pyrimidines when the differentiation medium was supplemented with 1 mMuridine or cytidine (data not shown). These observations excluded the possibility that the nutritional deficiency, which was caused by drugs, inhibited progressive differentiation of myoblasts.
Numerousworks have reported on the inhibition of myotube formation with several reagents. For instance, an early study showed that reversible inhibition of myoblast fusion was generated by low concentration ethidiumbromide which acts as an inhibitor of DNAreplication, and rifampicin, a specific inhibitor for mitochondrial RNApolymerase (10). Tunicamycin, which is an inhibitor for protein glycosylation, and lectins such as concanavalin A and wheat germ agglutinin inhibited myotube formation (33, 34) . The importance of the entry of Ca2+ into myoblasts for differentiation was indicated by the study that certain kinds of proteolytic degradations on the extracellular matrix mediated by Ca2+-activated neutral proteinase were required for the process of myotube formation (35) . A previous study from this laboratory has demonstrated that brefeldin A, an inhibitor of intracellular transport of proteins through the Golgi apparatus, inhibits both myotube formation and transcriptions of MyoDand myogenin (13). As shown in the present work, however, tetracycline inhibits the accumulation of mRNA encoding muscle-specific constitutive proteins such as MCKand Tn-I (Fig. 7 ), without affecting the transcripts level of MyoDand myogenin (Fig. 8) . The MCKand Tn-I genes are known to be regulated by the MyoDand myogenin genes. Thus, tetracycline seemed to affect only the downstream genes which were expressed in a specific period of myogenesis.
To examine the effect of mitochondrial protein synthesis inhibitor on mitochondrial function in C2C12 cells, we measured cellular ATPcontent, lactate accumulation, mitochondrial membranepotential, and replication and expression of mtDNA.In differentiating myoblasts, the ratio of mtDNA to nuclear DNAincreases independently from nuclear replication (6, 7, Fig. 5B ).
Even when cells were exposed to tetracycline, mtDNA continued to proliferate to almost the same extent as control cells, while myotube differentiation was impaired ( Fig. 1E-G) . Since mitochondrial proliferation was not affected by the reagent, it maynot be specifically linked to myotube differentiation. Conversely, mitochondrial proliferation was predicted to be an obligatory step for differentiation in mastocytoma cells (8). In light of the fact that stimulation of glycolysis is caused by a large decline of the cellular ATPconcentration, and that defects of oxidative phosphorylation may cause a massive increase in glycolysis to compensate energy requirements and a concomitant accumulation of lactate, our results show that the differentiation impairment is not likely to be an event deriving from a derangement of the mitochondrial energy metabolism.
As described above, these results could not be ascribed to the correlation between mitochondria function and myoblast differentiation. To examine the intracellular events taking place during differentiation inhibition, we analyzed the expression of myogenesis-specific genes. Transcript accumulation of the muscle-specific molecule genes was considerably inhibited (Fig. 6) , in contrast to transcripts of the muscle-specific regulatory factors (Fig. 7) It is unlikely that the differentiation inhibition is due to the direct action of mitochondrial-encoded protein on the nucleus, since all mitochondrial-encoded proteins have already been identified and characterized and no protein was found as a candidate for this action. However, it is possible that mitochondrial stress factors, such as the inhibition of mitochondrial protein synthesis, affect transcription of the nuclear-encoded gene. Interestingly, accumulation of COXsubunit I mRNA was not suppressed and remained constant during tetracycline treatment, whereas mtDNAcontent increased 2-fold in comparison with nuclear DNAafter myoblast differentiation (Figs. 5 and 6). Therefore, replication of mtDNAand transcription of mitochondrial COX I mRNAare likely to be independently regulated during differentiation. It was indicated that expression of mitochondrial COXI mRNAwas constantly maintained by factors other than the level of mtDNAas previously reported in mouse tissues (37) . Our experiments also demonstrated that these regulations of the expression level on mitochondrial COXI mRNA are not affected by a mitochondrial protein synthesis inhibitor. It is not knownwhether these regulations occur at the level of transcriptional control or mRNAstability. Accumulation of mRNA might be controlled either by enhancement of transcription rate or by increase in stability of mRNA. Concerning the stability of mitochondrial mRNA, it was previously demonstrated that inhibition of mitochondrial protein synthesis caused by thiamphenicol could affect the expression of nuclear-encoded mitochondrial proteins in proliferating HepG2 cells (36) . It was suggested in this report that mitochondrial stress caused by the inhibitor induces the increase in stability of certain nuclear transcripts but suppressed their transcription rate, and that the stability of mitochondrial transcripts was not affected and the transcription level was increased by the inhibition of mitochondrial translation. The relative steady-state levels of the mitochondrial tRNA abundance are adjusted to optimize the rate and accuracy of mitochondrial translation. The relative amounts of ribosomes, mRNA molecules, and tRNAmolecules found in the cytoplasm and mitochondria of HeLacells are nearly identical, although the effect of tetracycline is unknown (38) .
As one form of post-transcriptional regulation, muscle-specific alternative splicing occurs at several stages during differentiation. Various molecules change their isoforms into muscle-specific isoforms such as neural cell adhesion molecule, /3-tropomyosin, or pyruvate kinase during myogenic differentiation. We examined the switching into differentiation-specific isoforms by using the reverse transcribe-polymerase chain reaction method, and confirmed that the isoform selections were carried out normally, and that the proportion of selected isoforms was not affected even under treatment of C2C12cells with tetracycline (data not shown).
In this investigation, we have examined the effect of mitochondrial protein synthesis inhibitor on C2C12 myoblast differentiation, and have attempted to determine whether there is a correlation between mitochondrial function and progress of muscle differentiation.
We have shown that the inhibition of translation in mitochondria impaired myoblast differentiation into myotubes and that the expression of someof the muscle-specific genes was down-regulated under the influence of tetracycline. While the detailed mechanism underlying this inhibition, remains unclear, our system mayprovide various cues to clarify the cellular events lying between mitochondria and cell differentiation.
